The chromosomes of Crotalaria juncea, a legume of agronomic interest with a 2n = 16 karyotype composed of metacentric chromosomes, were analyzed using several cytogenetic techniques. C-banding revealed heterochromatic regions around the centromeres in all chromosomes and adjacent to the secondary constriction on the chromosome 1 short arm. Fluorescent staining with the GC-specific chromomycin A3 (CMA) highlighted these heterochromatic regions and a tiny site on the chromosome 1 long arm while the AT-specific stain 4'-6-diamidino-2-phenylindole (DAPI) induced a reversed pattern. Staining with CMA combined with AT-specific distamycin A (DA) counterstaining quenched the pericentromeric regions of all chromosomes, but enhanced fluorescence was observed at the heterochromatic regions around the secondary constriction and on the long arms of chromosomes 1 and 4. Fluorescence in situ hybridization (FISH) revealed 18S-5.8S-26S rRNA gene sites (45S rDNA) on chromosomes 1 and 4, and one 5S rDNA locus on chromosome 1. All the rDNA sites were co-located with the positive-CMA/DA bands, suggesting they were very rich in GC. Silver staining revealed signals at the main 45S rDNA locus on chromosome 1 and, in some cells, chromosome 4 was labeled. Two small nucleoli were detected in a few interphase cells, suggesting that the minor site on chromosome 4 could be active at some stages of the cell cycle.
Introduction
The genus Crotalaria L.
(LeguminosaePapilionoideae, tribe Crotalariae) includes over 600 species encountered in the tropics and subtropics, most of them in Africa. About 70 species have been recognized in the Americas and 15 in India. The main crop plant is Crotalaria juncea (section Calycinae), a species from India known as sunnhemp, which is widely-distributed in tropical areas. It has an annual life-cycle and has been used for several purposes, including paper production (principally for the tobacco industry) and as green manure in rotating culture systems due to its high nitrogen fixation capacity when in association with Rhizobium (Polhill, 1982; Lewis, 1987; Mendonça et al., 1999) . Recently, C. juncea has been shown to be a natural metal hyperaccumulator that can accumulate and tolerate high metal concentrations in its roots and leaves and thus has great potential for phytoremediation, a green technology for removing toxic metals from the environment (Pereira et al., 2002) .
The chromosome number of most Crotalaria species investigated so far is 2n = 16, except in section Chrysocalycinae, subsection Incanae, where 2n = 14 is usual, and polyploids (2n = 32) have been found among American species (for review see Boulter et al., 1970; Windler, 1974; Verma et al., 1984; Oliveira and AguiarPerecin, 1999) . The karyotype of C. juncea is symmetrical (2n = 16) and the chromosomes are larger than those of polyploid species belonging to section Calycinae and a secondary constriction has been detected on the short arm of chromosome 1 (Oliveira and Aguiar-Perecin, 1999) . Some hypotheses for karyotype evolution in Crotalaria species have been discussed based on features of chromosome morphology but chromosome banding patterns and mapping of repetitive DNA sequences using fluorescence in situ hybridization (FISH) have not yet been described. Studies employing fluorochrome banding in conjunction with FISH to localize DNA repetitive sequences, such as Genetics and Molecular Biology, 30, 1, 65-72 (2007) Copyright by the Brazilian Society of Genetics. Printed in Brazil www.sbg.org.br 18S-5.8S-26S rRNA (45S rDNA) or 5S rRNA genes, satellite DNA sequences or retrotransposons have been highly useful not only for the characterization of karyotypes, but also for a better understanding of the mechanisms involved in genome evolution in Leguminosae. In this regard, several findings on legume species with variable genome sizes have been described in genera such as Vigna (Galasso et al., 1993 (Galasso et al., , 1995 (Galasso et al., , 1997 , Lathyrus (Ali et al., 2000) , Vicia (Pearce et al., 1996; Fuchs et al., 1998; Navrátilová et al., 2003) and Medicago (Kulikova et al., 2004) .
In the study described in the present paper we analyzed the karyotype organization of C. juncea using C-banding, fluorochrome and silver staining techniques along with in situ hybridization for the localization of 45S and 5S rDNA loci. The aim of this study was not only the characterization of C. juncea chromosomes but also to produce data that could be useful for future comparative karyotype analysis of several other Crotalaria species.
Material and Methods

Plant material and chromosome preparation
We used seeds of cultivated Crotalaria juncea L belonging to the collection maintained at the Department of Genetics, ESALQ, University of São Paulo, Piracicaba, SP, Brazil, the seeds being provided by the Brazilian company Pirahy Seeds (Piracicaba, SP).
The seeds were germinated at 28°C and the roots pretreated with a solution containing 300 mg L -1 8-hydroxyquinoline and 6.25 mg L -1 cycloheximide for 90 min and then fixed in 3:1 (v/v) ethanol:acetic acid. For chromosome morphology analysis, the roots were stained by the Feulgen method as described by Cuco et al.(2003) . Root tips used for chromosome banding and FISH preparations were digested in a mixture of 2% (w/v) cellulase (final concentration: 9.2 units mL -1 ) and 0.3% (w/v) pectinase (final concentration: 14.7 units mL -1 ) in citrate buffer (pH 4.6) at 37°C for 1 h and then squashed in 60% (v/v) acetic acid under a coverslip, which was removed in liquid nitrogen.
C-banding, fluorochrome and silver staining
Giemsa stained C-banding was performed on the cells as described by Bertão and Aguiar-Perecin (2002) while the fluorochrome staining techniques were based on Friebe et al. (1996) and consisted of applying the GC-specific fluorochrome chromomycin A 3 (CMA) followed by the non-fluorescent AT-specific counterstain distamycin A (DA). Other cell preparations were stained with the AT-specific fluorochrome 4',6-diamidino-2-phenylindole (DAPI) combined with CMA staining but without DA counterstaining. Active nucleolus organizer regions (NORs) were detected in mitotic chromosomes and the number of nucleoli in interphase cells was determined using the colloidal silver staining method (AgNOR method) of Howell and Black (1980) .
FISH analysis
The probe used for the physical mapping of 45S rDNA sites was the 9.1 kb repeating unit of maize rDNA (McMullen et al., 1986) cloned in pUC8 at EcoRI. To detect 5S rDNA loci the probe used was about 550 bp long and was amplified by PCR using total genomic DNA extracted from leaves of the C. juncea seedlings by DNeasy Plant kit (Qiagen, Germany). The forward primer was 5'-GTGCGATCATACCAGC(AG)(CT)TAATGCACCG G-3' and the reverse primer was 5'-GAGGTGCAACACG AGGACTTCCCAGGAGG-3' and were designed according to the 5S rDNA sequence of Glycine (Gottlob-McHugh et al., 1990) . The 45S rDNA probe was labeled with biotin-14-dATP by nick translation (Bionick Labelling System, Gibco BRL) and the 5S rDNA probe with digoxigenin-11-dUTP by random primer labeling (Roche, Germany). The FISH pretreatment and hybridization steps were based on Schwarzacher and Heslop-Harrison (2000) with the slight modifications described by Cuco et al. (2005) . The 45S rDNA (5 ng μL -1 ) and 5S rDNA (6 ng μL -1 ) probes were added to the hybridization mixture and denatured by heating in a water-bath at 96°C for 10 min, cooled and dropped onto the slide preparation that was denatured in a thermocycler (M.J. Research, Inc., USA) at 83°C for 10 min and then hybridization was performed at 37°C for 16 h. After hybridization the slides were washed twice in 2x SSC at 37°C and at 42°C (5 min each), then in 20% (v/v) formamide in 0.5x SSC for 10 min at 42°C and then in 0.5 x SSC for 5 min at the same temperature. The biotin-labeled probe was detected by applying mouse anti-biotin antibody followed by rabbit anti-mouse (DAKO, A/S, Denmark) conjugated with fluorescein isothiocyanate (FITC) or tetramethyl rhodamine isothiocyanate (TRITC). The digoxigenin-labeled probe was detected with FITC-conjugated sheep anti-digoxigenin antibody (Roche). Preparations in which only one probe was used were counterstained with propidium iodide (2 μg mL -1 ) and in the case of double FISH, with DAPI (1 μg mL -1 ) and then mounted in Vectashield H1000 (Vector, USA). Chromosome spreads were analyzed using a Zeiss Axiophot-2 epifluorescence microscope with appropriate filters. The fluorochrome banding and FISH images were captured with a video camera, using the ISIS software (Meta Systems, Germany) and printed using a thermal color printer (Mitsubishi, Japan). Feulgen stained and C-banded metaphases were photographed with Technical Pan 2 film (Kodak, USA).
Results
Karyotype analysis and C-banding pattern
Analysis of the Feulgen-stained metaphases ( Figure 1A ) showed that the karyotype (2n = 16) of the C.juncea seeds investigated was similar to that described by Oliveira and Aguiar-Perecin (1999). The ideogram (Fig-66 Mondin et al. ure 2) was based on this previous study and on the biometric analysis of five metaphases analyzed in the present work (data not shown). The chromosomes were metacentric, but pairs 4 and 6 could be clearly distinguished by the submedian position of the centromere. A secondary constriction was present on the short arm of chromosome 1. For all the chromosomes, C-banding revealed heterochromatic regions around the centromeres (pericentromeric heterochromatin, Figures 1B and 2A ) and C-bands adjacent to the secondary constriction (NOR-heterochromatin) were observed at both distal and proximal regions of the short arm of chromosome 1 and a large pericentromeric C-band was clearly visible on the long arm of chromosome 4.
Fluorescent banding
The CMA staining showed bright bands corresponding to the C-bands. Additionally, a tiny fluorescent band was detected on the long arm of chromosome 1 ( Figures 1C   and 2B ). Interestingly, DA counterstaining revealed a reverse banding pattern at the pericentromeric regions but highlighted the NOR-heterochromatin of chromosome 1 ( Figure 1D ). We also detected tiny fluorescent bands on the long arm of chromosomes 1 and 4, the fluorescent signal of chromosome 4 being located on the distal portion of the pericentromeric heterochromatic block. As expected, ATspecific DAPI staining revealed a negative banding pattern around the secondary constriction ( Figure 1E ).
Localization of 45S and 5S rDNA loci
FISH with the 45S rDNA probe showed signals at the secondary constriction and adjacent heterochromatic blocks of chromosome 1. Additionally, a site was detected on the long arm of chromosome 4 ( Figures 1F and 2B) . Co-location of 45S rDNA sites and CMA/DA fluorescent bands was observed for both chromosome pairs. Preparations counterstained with propidium iodide ( Figure 1G ) showed C-banding patterns comparable with the locations of the 45S rDNA sites on these arms ( Figures 1F and 1G ). Only one 5S rDNA locus was observed, located at a proximal site on the long arm of chromosome 1 (Figures 1H and  2B ), this site being co-located with the bright band revealed by CMA/DA staining.
45S rDNA transcriptional activity detected by silver staining
Silver staining produced signals at the secondary constriction and NOR-heterochromatin of chromosome 1, but chromosome 4 was labeled in only a few cells ( Figures 3A  and 3B ). Figure 3B shows a prophase cell with positive silver signals only on the pair 1 homologues which are associated with the nucleolus, suggesting, as expected, that chromosome 1 carries the major nucleolus organizer region. The activity of ribosomal gene clusters was also investigated through their ability to form nucleoli, which were scored in silver-stained interphase cells from four plants ( Table 1) . Out of 2319 cells analyzed, 2210 (95.2%) had one large nucleolus comparable with the one shown in Figure 3B . A lower frequency of cells (4.8%) with 2 ( Fig-68 Mondin et al. Figure 3D ) nucleoli of variable sizes (referred to as large, medium and small) was also observed.
Discussion Karyotype analysis and C-banding pattern
In all metaphase or prophase cells analyzed we found a secondary constriction only on chromosome 1, as previously reported by Oliveira and Aguiar-Perecin (1999) , and although a 45S rDNA site was detected by FISH on chromosome 4 no secondary constriction was detected on this chromosome. In fact, the most noticeable feature observed in the karyotype of most Crotalaria species studied so far is the presence of a secondary constriction only on the short arm of the largest chromosome (Palomino and Vásquez, 1991; Oliveira and Aguiar-Perecin, 1999 ). In our study, the C. juncea chromosomes could be identified by subtle differences in their morphology in Feulgen-stained metaphases. In most cases, the chromosome pairs could not be distinguished by their C-banding pattern, the exceptions being chromosomes 1 and 4 which showed a distinct heterochromatin distribution clearly visible in metaphases stained with Giemsa and propidium iodide. A C-banded pericentromeric heterochromatin pattern with occasional intercalary and distal bands has also been found in many Leguminosae (Papilionoideae) genera, including Arachis (Cai et al., 1987) , Cicer (Tayyar et al., 1994) and Medicago (Bauchan and Hossain, 1999) , which have DNA C-values similar to or smaller (Bennett and Leitch, 1995) than C. juncea (1C = 1.23pg; see Gupta, 1976) . Conversely, a variable distribution of heterochromatic regions has been observed in the genus Vicia, that has a considerable variation in haploid nuclear DNA content. A particular heterochromatin pattern has been revealed by Giemsa banding in Vicia faba, a species with a high DNA content (1C~13pg), in which reproducible marker bands and additional bands of varying intensity are important for chromosome identification (Fuchs et al., 1998) .
Differential fluorescent staining and mapping of 45S and 5S rDNA sites
The observation of CMA-positive and DAPI-negative bands corresponding to C-bands in the C. juncea karyotype suggests that the heterochromatic regions must be GC-rich. Additionally, the response to CMA/DA staining was of considerable importance in discriminating pericentromeric heterochromatin and heterochromatic regions associated with ribosomal genes, which were highlighted by the method, whereas the centromeric regions showed fluorescence quenching. This finding suggests that the 45S rDNA and 5S rDNA sites revealed by FISH on chromosomes 1 and 4 must be highly GC-rich. Usually, 45S rDNA sites have been found associated with CMA-positive bands in several genera of plants such as Pinus (Doudrick et al., 1995) and Vigna (Galasso et al., 1995) whereas CMApositive bands associated with 5S rDNA has been reported in only a few groups such as Lilium (Siljak-Yakovlev et al., 2003) and Hypochaeris (Ruas et al., 2005) . In Passiflora, the CMA-positive 45S rDNA sites were also enhanced by CMA/DA staining (Cuco et al., 2005) . In our current study, the bright CMA/DA bands provided evidence that the 45S and 5S rDNA loci must contain many GC clusters because they were resistant to quenching by the non-fluorescent distamycin A counterstain. Combinations of two or three DNA binding dyes with different specificities and diverse modes of interaction with helical DNA, in which at least one of them is fluorescent, have been employed to enhance some chromosome banding patterns and the possible mechanisms leading to these patterns have been discussed on the basis of interactions of dyes upon binding to a particular kind of DNA (reviewed by Schweizer, 1981) . In this regard, the effect of DA/DAPI staining in human chromosomes highlighting C-bands on chromosomes 1, 9, 15 16 and Y is a well known case of binding competition. Among the likely mechanisms discussed by Schweizer (1983) , it is interesting to emphasize the assumption that DAPI could be displaced from its AT-binding sites by distamycin in the quenched bands and also that the arrangement of dA-dT pairs could play a role. The quenching effect of CMA/DA staining seen by us in C. juncea could have been induced because the CMA-positive pericentromeric heterochromatin of C. juncea contained enough AT residues to provide better binding for DA than for CMA, which would have been displaced from the GC binding sites. This effect has not been usually reported in plant chromosome studies, although Schwarzacher and Schweizer (1982) reported a rather similar situation in Cephalanthera longifolia (Orchidaceae) in which a CMA/DA-negative heterochromatic band on chromosome 4 was negative for DAPI/ actinomycin D and quinacrine/actinomycin D (both ATspecific), inferring that this region was GC-poor and that there were insufficient AT clusters to give brilliant DAPI fluorescence. Recent studies on the molecular structure of centromeres have shown that in most plants and animals the major centromeric DNAs are 100 to 200 bp satellite repeats, usually organized in long tandem arrays, such as the 180 bp repeat in Arabidopsis thaliana (Copenhaver et al., 1999) and the CentO and CentC major repeats found respectively in rice and maize (reviewed by Lamb et al., 2004; Dawe, 2005) . In the legume Medicago truncatula, selected as a model for the Leguminosae, Kulikova et al.(2004) reported three different tandem repeats (MtR1, MtR2 and MtR3) with unit lengths of 166 to183 bp. These authors also reported that FISH using these sequences indicated that the MtR3 repeat was located on the functional centromere whereas the other two repeats occupied distinct regions of pericentromeric heterochromatin while DAPI-stained pachytene chromosomes were found to display brightly stained pericentromeric heterochromatic blocks. In our study, the particular response to CMA and CMA/DA staining exhibited by C. juncea pericentromeric heterochromatin must be a result of the type and arrangement of its repetitive DNA, a very interesting issue for future research and an important finding for further studies in our laboratory with other Crotalaria species, we having already established that Crotalaria incana (which belongs to an unrelated botanical section), does not show CMA-positive pericentromeric bands (unpublished data).
45S rDNA loci and nucleolar activity
The presence of 45S rDNA probe FISH signals on the secondary constriction and adjacent heterochromatin and of positive silver staining on the short arm of chromosome 1 provided clear evidence that this is the major nucleolus organizer region in C. juncea. On the long arm of chromosome 4 we detected a minor 45S rDNA locus that did not form an apparent secondary constriction but showed positive silver staining in some cells. This is an interesting feature to be discussed in regard to nucleolar activity and further comparative karyotype analysis of Crotalaria species.
Nucleolus and secondary constriction formation have been causally related ever since the discovery of nucleolar dominance in interspecific hybrids of the plant genus Crepis, and the description of this association in maize, by McClintock (reviewed by Pikaard, 1999) . Silver staining techniques have been used to detect transcriptional activity at NORs, assuming that silver binds to NOR-associated proteins that are part of the transcriptional machinery (Guillén et al., 2004) . Thus, the expression of rDNA has been assessed by the silver staining method, and inactive loci have been found in several groups of plants, particularly in hybrids and allopolyploids such as Triticum species and several types of wheat-rye derivatives (Cermeño et al., 1984; Neves et al., 1997) .
In our present study, the detection of silver signals on chromosome 4 of C. juncea in some metaphase cells suggests that this chromosome may have nucleolar activity in some cells or during some stages of the cell cycle. Prophase cells showing this chromosome with a positive silver signal and associated with a nucleolus could not be found. Moreover, as expected, a single nucleolus was observed in most interphases due to nucleolar fusion during the cell cycle. Small nucleoli could be seen in nuclei with 2-4 nucleoli, particularly in nuclei with 4 nucleoli in which the two small nucleoli might have been formed from chromosome pair 4, which was not associated with the larger nucleoli. The rDNA locus of chromosome 4 may have some transcriptional activity, but not enough to express a secondary constriction or even to produce a silver signal in all cells. Interestingly, a similar situation was revealed when Montijn et al.(1998) applied silver staining and FISH to the root-tip cells of two Petunia hybrida varieties and found four NORs. However, only the chromosome 2 NORs were active during interphase and showed silver staining at metaphase while the chromosome pair 3 NOR site was AgNOR negative at metaphase although during telophase to interphase the transition from decondensation of all ribosomal gene clusters was coincident with silver staining suggesting that chromosome 3 could be active during a short period.
It ha been proposed that DNA methylation plays an important role in NOR inactivity and in this regard, Guillén et al. (2004) investigated transcription repression mechanisms of rDNA loci in humans and chimpanzees by a combination of techniques, and among the several results obtained it is interesting to note that, although methylation was detected in repressed NORs, inactive NORs that did not undergo methylation were also observed in in situ nick translation experiments with the HPaII restriction enzyme The authors reported that in chimpanzees some ribosomal gene clusters were adjacent to heterochromatic blocks detected by C-banding and, presumably, would be subjected to position effect variegation due to the proximity of the heterochromatin, this being a mechanism that could modulate the activity of some NORs. In our study, the rDNA lo-cus on the C. juncea chromosome 4 was located adjacent to a pericentromeric heterochromatic block, with both the locus and the block forming a single C-band. Since the rDNA locus is very small, it is possible that NOR activity would be subjected to a similar kind of position effect at some stages of the cell cycle or only in some cells.
Our results allowed the mapping of molecular markers on C. juncea chromosomes, providing not only a basis for gene mapping but also for karyotype and genome evolution studies in this genus by the investigation of species belonging to different botanical sections.
